Abstract: There is comprehensive work on the tribological properties and lubrication mechanisms of oil lubricant used on textured surfaces, however the use of grease lubrication on textured surfaces is rather new. This research article presents an experimental study of the frictional behaviours of grease lubricated sliding contact under mixed lubrication conditions. The influences of surface texture parameters on the frictional properties were investigated using a disc-on-ring tribometer. The results showed that the friction coefficient is largely dependent on texture parameters, with higher and lower texture density resulting in a higher friction coefficient at a fixed texture depth. The sample with texture density of 15% and texture depth of 19 µm exhibited the best friction properties in all experimental conditions because it can store more grease and trap wear debris. The reduction of friction is mainly attributable to the formation of a stable grease lubrication film composed of oil film, transfer film and deposited film, and the hydrodynamic pressure effect of the surface texture, which increases the mating gap and reduces the probability of asperity contact. This result will help in understanding the tribological behaviour of grease on a textured surface and in predicting the lubrication conditions of sliding bearings for better operation in any machinery.
Introduction
With the rapid development of industrialization, friction and wear reduction between two sliding bodies requires the constant presence of a lubricant within the contact area in order to reduce and control friction and wear, thus reducing energy consumption, extending service life of mechanical systems and enhancing their reliability and safety [1] [2] [3] . In many situations the lubricant is automatically fed into the contact area by the relative movement of the friction pair itself. However, there are limitations that constrain the feeding of lubricants in some situations. For example: (i) when the load is high, the surfaces deform and adapt to each other and the interface between them becomes very tight; (ii) when the sliding distance is small relative to the extension of the contact area, especially in reciprocated sliding and fretting, the lubricant is not effectively fed into the interface; (iii) greases are not able to readily flow back (returning) into a contact zone in the same way as an oil lubricant due to their relatively low fluidity (high viscosity), in comparison with lubricating oil [4] .
Laser surface texturing, which was pioneered by Etsion et al. [5, 6] as a surface-engineering technique, has emerged as a viable technology to keep grease where it is needed and to maintain lubrication for longer periods of time in order to address these concerns [7] . Applications of laser surface texturing on contacting parts such as piston ring-cylinder liners [8] , cams/tappets [9] , bearings [10] , seals [11] and cutting tools [12, 13] can result in a significant reduction in friction and wear. Generally, surface texture may be positive, in that it protrudes out of the surface, or negative, for example dimples or holes. The dimpled surface texture is more popular due to its advantages in terms of micro-lubrication and ease of manufacturing. The role of surface texturing in improving the tribological properties varies based on the contact conditions-whether they are hydrodynamic (full), mixed, boundary or dry conditions. In the case of full hydrodynamic and mixed lubrication conditions, the micro-craters serve as micro-hydrodynamic bearings that increase the hydrodynamic pressure due to asymmetric pressure distribution, which results in greater hydrodynamic lift or larger fluid film thickness [14, 15] . In mixed lubrication conditions, this additional lift in hydrodynamic pressure alters the balance between hydrodynamic and boundary lubrication, and consequently, the number of asperities in contact decreases, and friction and wear likewise decrease [16] . In boundary and dry contact lubrication conditions, these craters (dimples or grooves) act as lubricant micro-reservoirs for the continuous retention and supply of lubricant [17] , or as micro-containers to capture wear debris and contamination particles so that plowing decreases [18, 19] . Consequently, abrasive wear and friction are reduced. Sudeep et al. [7] experimentally compared the tribological and vibration behaviours of textured point contacts of bearing steel lubricated with oil and grease under starved conditions. It showed that the textured surface lubricated with grease yielded reductions in the friction coefficient and specific wear rate (SWR) of the balls as compared to the oil lubricated textured contacts. Additionally, reduction in the amplitudes of vibrations (at normal contact resonance frequencies) was observed with the grease lubricated textured surface in comparison with the corresponding oil lubricated cases. They further studied the vibration of lubricated textured point contacts of steel bearings due to surface topographies by simulation using fractals surface characterization method and experiment [20] . Their findings revealed that in the presence of surface textures, vibration reduced due to the enhanced value of damping in comparison with the contacts having smooth surfaces. Tang et al. [21] experimentally investigated the effects of surface texture parameters and roughness parameters on the frictional properties of grease lubricated spherical plain bearings under mixed lubrication conditions. The results showed that higher dimple depths and lower dimple densities would result in a distinct improvement of the friction coefficients. A maximum reduction of 55% was gained for the textured sample under running conditions, as compared with the un-textured one. Wang et al. [22] investigated the friction and wear behaviour of laser-textured surfaces sliding against a pin under the lubrication of polyurea grease containing various additives using a Universal Mechanical Tester (UMT-2MT) reciprocating friction tester. Results showed that the dimple patterns had lower friction coefficients than the un-textured surfaces, at a lower sliding speed of 0.015 m/s. However, the groove patterns had higher friction coefficients than those of the un-textured surfaces at all sliding speeds.
In the literature of previous studies, there is very little or no open research on the tribological performance of textured surfaces of mechanical components under grease lubrication as compared to that of oil. This is because grease behaviour is complicated and difficult to predict under operation due to the dual phases of its structure, namely solid and liquid. Secondly, the frictional performance of surface textures used on mechanical components under grease lubrication conditions in sliding motions is still not clear and needs further investigation. The basic objective of this research is to comprehensively establish the effects of surface texture parameters (texture density and texture depth) on friction in grease lubricated contacts. It is hoped that the understanding of the tribological behaviour of grease on a textured surface will help in predicting the lubrication conditions of sliding bearings for better operation in any machinery.
Materials and Methods

Specimen
The friction properties of laser textured surfaces were studied using a ring-on-washer configuration. In this respect, a stationary ring on a rotating disc were prepared as experimental specimens from commercially available alloys of copper (ZCuPb30) and bearing steel (GCr15) respectively. The ring was 54 mm in outer diameter, 38 mm in inner diameter and 10 mm in thickness with a normal hardness of 56 HRC. Its contact surface was textured. The disc was un-textured on the contact surface. Its outer diameter was 53 mm, while the inner diameter was 39 mm and the thickness was 5 mm, with a hardness of 60-65 HRC. The picture and 2D diagram of the friction pair used in this research are shown Figure 1 . Prior to surface texturing, the frontal surfaces of each specimen were ground and polished to obtain the desired surface roughness Ra of 0.05 µm using a metallographic specimen polishing machine.
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Round micro-dimples in different texture densities and depths were manufactured on the flat side of the copper rings using high energy laser pulses in order to ablate the material by rapid melting and vaporizing. A green light Q-switched CEO®REA series Nd: YAG laser machine with extra double cavity, output wavelength of 532 nm, pulse width of ≤70 nm, laser power of ≤15 W, spot diameter of 60 µm and convex lens with focal length of 60 mm was used for the texturing process. Compared to the 1064 nm wavelength or continuous wave laser, this laser source produces less heat effect on the metallic material surface. Hence, the generation of recast layers is restrained effectively. The laser beam was reflected by three reflecting mirrors and then focused on the surface of the specimen by the convex lens during fabrication to optimize light-matter interaction. The specimens were clamp in a three key jaw fixture mounted on a motor controlled two-dimensional stage during the laser beam irradiation. The dimple depths were controlled by changing the laser power and the duration of the laser beam's ablating on the surface, while the dimple diameters were kept constant at 60 µm. The dimples on the surface of the ring specimen were uniformly arranged in a rectangular array as shown in Figure 2 and the design texture density (T d ) calculated based on the formula
where T d is the texture area ratio (texture density); A d is the area of the dimple (A d = πD 2 ); A t is the area of the micro dimple unit A t = K × L; D is the diameter of the dimple; K and L are the sides length of the micro-dimple unit or spacing between dimples, as shown Figure 2 . The dimple parameters of the laser textured surface for the tribological test in this research are shown in Tables 2 and 3 while the samples are depicted in Figures 3 and 4 . This dimple size was chosen based on past research by the authors [23] for effective grease lubrication. The bulges or burrs formed around the dimple rims during the laser texturing process were removed by a gentle polishing process. It has been experimentally demonstrated that these solidified bulges or burrs around the edges of the dimples have a negative effect on the tribological performance of contacting surfaces [24] . Finally, all specimens were measured in order to obtain 3D topography and 3D roughness parameters by using a noncontact 3D surface profiler (Wyko-NT1100, Veeco, New York, NY, USA). the laser beam irradiation. The dimple depths were controlled by changing the laser power and the duration of the laser beam's ablating on the surface, while the dimple diameters were kept constant at 60 μm. The dimples on the surface of the ring specimen were uniformly arranged in a rectangular array as shown in Figure 2 and the design texture density ( d T ) calculated based on the formula
where d T is the texture area ratio (texture density); d A is the area of the dimple ( Tables  2 and 3 while the samples are depicted in Figures 3 and 4 . This dimple size was chosen based on past research by the authors [23] for effective grease lubrication. The bulges or burrs formed around the dimple rims during the laser texturing process were removed by a gentle polishing process. It has been experimentally demonstrated that these solidified bulges or burrs around the edges of the dimples have a negative effect on the tribological performance of contacting surfaces [24] . Finally, all specimens were measured in order to obtain 3D topography and 3D roughness parameters by using a noncontact 3D surface profiler (Wyko-NT1100, Veeco, New York, NY, USA). Table 2 . Texture density parameters of laser surface texturing (LST) dimples.
Parameter T-1 T-2 T-3 T-4 T-5
Parameter
T-1 T-2 T-3 T-4 T-5
Texture density (%) 
Friction and Wear Test
The tribological experiment was carried out in order to observe the friction behaviour of the sliding pair on an MMW-1A tribotester (Ji'nan Yihua Friction Testing Technology Co. Ltd., Ji'nan, China). The tribotester was composed of a driving spindle, driving disc holder, stationary disc holder, spindle drive system, operation panel, force sensor (inside), torque sensor (inside) and microcomputer data acquisition system, as depicted in Figure 5a and the test rig in Figure 5b . The test geometry was a rotating disc on ring (flat-on-flat) with Kingsbury-type lubricant entryways to ensure adequate distribution of grease along the sliding surface for proper lubrication. The disc was mounted on the driving disc holder which was connected to the driving spindle, while the textured ring was mounted on the stationary ring holder. The disc slid along the axis and rubbed against the fixed textured ring, and the sliding direction was perpendicular to the micro-dimples for all experiments. During the course of the test, grease was being added to the contact surface through the entryways. The friction coefficient between the disc and the ring samples was automatically and digitally recorded by the computer, while the force sensor and torque sensor measured the load and 
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Results and Discussion
Under the present experimental conditions, the frictional behaviour of grease under textured surfaces in sliding conditions can be explained with the properties of grease and the influences of surface texture parameters.
Effect of Texture Density on Coefficient of Friction
The variations in friction coefficients of the disc and ring contact versus time for texture density are plotted in Figure 6a . A 200 N load and 100 rpm sliding speed were applied for a duration of 30 min during the test. The results of the average steady state friction coefficient of the three repeated experiments are plotted in Figure 6b at a texture depth of H2 = 12 μm. In the initial phase of the test, the friction coefficients of the five samples were very high, of which texture density 5% and 25% were the highest. This is because grease exhibits semi solid colloidal characteristics, which makes it difficult to form a uniform stable lubrication film on the contact surface, resulting in a relatively poor lubrication effect. Secondly, the thixotropic properties of grease make the viscosity very high, and the thickness contributed friction resistance to the initial stage of the test. After the initial stage, the friction coefficients were greatly reduced and they reached a relatively stable state after a short period of time. This can be attributable to the formation of a more stable lubricating film on the contact surface by the relative movement of the friction pair and the even distribution of grease from the dimples. Additionally, the thixotropic properties of grease showed that the viscosity decreased with an increase in shear time, thus resulting in more fluidity and less resistance to friction. In Figure 6b , it can be seen that the texture density of 15% displayed the lowest friction coefficient of 0.16191 as compared to texture densities 5% (0.21272), 10% (0.19068), 20% (0.17032) and 25% (0.20861) under the experimental conditions. The reason for this is that the contact area between the disc and ring was sufficiently reduced but could still support the contact load with enough grease lubricant retained on the contact surface by the dimples [25] . This enabled the formation of a stable grease boundary film through mechanical entrapment and surface deposition of grease fibres on the contact surface. Additionally, the hydrodynamic action of the base oil from the dimples generated additional pressure to separate the sliding pair, thus reducing the friction. However, surface texture with texture densities of 5% and 25% had the highest coefficient of friction. This can be explained as a lack of sufficient grease lubricant on the contact surface to generate hydrodynamic pressure lift on the part of texture density 5%, due to the small number of dimples. For the texture density 25%, although 
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Effect of Texture Depth on Coefficient of Friction
Effect of Load on Friction Coefficient
The effects of load on friction behaviour of the SKF (Svenska Kullagerfabriken AB) grease lubrication were investigated by using the control variable method. Table 4 shows the parameters of the specimens selected to be investigated. The specimens that exhibited the lowest friction coefficient among the specimens presented in Sections 3.1 and 3.2 were selected for this series of experiments. Figure 8 shows the effect of load on the friction coefficient of the specimens at a fixed speed of 100 rpm and a duration of 20 min. It can be seen that the friction coefficients of the specimens are reduced by increasing the normal load. At the initial load of 100 N, the friction coefficient of all the three specimens was high, with that of the texture density of 10% (V1) being relatively smaller than that of the texture density of 15% (V2 and V3). This indicates that at low contact pressure, the surface roughness had a certain influence on the friction properties, since higher texture density led to higher surface roughness, and therefore a higher friction coefficient was more easily obtained. As the load increased, the friction coefficients of the three specimens were sharply reduced. This is attributable to the large quantity of oil being constantly released from the grease and the dimples into the sliding contact surface. This oil participated in the lubrication process and achieved a stable lubrication film due to the squeezing effect of the higher load. Additionally, as the load increased, the shear stress and the apparent grease viscosity also increased at a constant sliding speed. This increase the thickener concentration on the contact surface-which facilitated the formation of a protective film and the smoothing phenomena-are believed to be responsible for the reduction in friction. However, when the load increased past a certain point, the friction coefficients tended to be stable. This is because the excessive load damaged the grease fibre structure, making the grease fail, thereby affecting the friction coefficient. At this stage, the specimen V1 exhibited the highest friction coefficient while specimen V2 exhibited the lowest. This is because specimen V1 had a relatively smaller texture density and depth, with a low total storage capacity, resulting in less storage of the grease lubricant in the dimples as compared to specimens V2 and V3. This led to a relatively poor lubrication effect, thus the friction coefficient of specimen V1 was slightly higher. For specimens V2 and V3, although they had the same texture density, the depth of the dimples in specimen V2 (19 μm) was relatively shallow. This more easily dispersed the grease from the dimples by the compression effect of the load, resulting in a lower friction coefficient. 
The effects of load on friction behaviour of the SKF (Svenska Kullagerfabriken AB) grease lubrication were investigated by using the control variable method. Table 4 shows the parameters of the specimens selected to be investigated. The specimens that exhibited the lowest friction coefficient among the specimens presented in Sections 3.1 and 3.2 were selected for this series of experiments. Figure 8 shows the effect of load on the friction coefficient of the specimens at a fixed speed of 100 rpm and a duration of 20 min. It can be seen that the friction coefficients of the specimens are reduced by increasing the normal load. At the initial load of 100 N, the friction coefficient of all the three specimens was high, with that of the texture density of 10% (V1) being relatively smaller than that of the texture density of 15% (V2 and V3). This indicates that at low contact pressure, the surface roughness had a certain influence on the friction properties, since higher texture density led to higher surface roughness, and therefore a higher friction coefficient was more easily obtained. As the load increased, the friction coefficients of the three specimens were sharply reduced. This is attributable to the large quantity of oil being constantly released from the grease and the dimples into the sliding contact surface. This oil participated in the lubrication process and achieved a stable lubrication film due to the squeezing effect of the higher load. Additionally, as the load increased, the shear stress and the apparent grease viscosity also increased at a constant sliding speed. This increase the thickener concentration on the contact surface-which facilitated the formation of a protective film and the smoothing phenomena-are believed to be responsible for the reduction in friction. However, when the load increased past a certain point, the friction coefficients tended to be stable. This is because the excessive load damaged the grease fibre structure, making the grease fail, thereby affecting the friction coefficient. At this stage, the specimen V1 exhibited the highest friction coefficient while specimen V2 exhibited the lowest. This is because specimen V1 had a relatively smaller texture density and depth, with a low total storage capacity, resulting in less storage of the grease lubricant in the dimples as compared to specimens V2 and V3. This led to a relatively poor lubrication effect, thus the friction coefficient of specimen V1 was slightly higher. For specimens V2 and V3, although they had the same texture density, the depth of the dimples in specimen V2 (19 µm) was relatively shallow. This more easily dispersed the grease from the dimples by the compression effect of the load, resulting in a lower friction coefficient. Figure 9 shows the plots of friction coefficient versus sliding speed at different texture depths for a duration of 20 min. The textured copper surfaces with texture depth of H2, H3, and H4 were selected for investigation and comparison. As can be seen from the diagram in Figure 9 , the friction coefficient was low at the initial stage and, as the speed increased, the friction coefficient rose first and then decreased. This phenomenon can be categorized into three lubrication regimes: (1) the boundary lubrication regime; (2) the mixed film lubrication regime; and (3) the hydrodynamic lubrication regime. In the low speed range (100-200 rpm), there was enough grease on the contact surface at 100 rpm for effective lubrication, hence the low friction coefficient. However, as the speed started to increase, some of the grease on the contact zone was easily thrown out. At this point, the grease supply directly affected the surface lubrication performance. The dynamic pressure effect of the surface texture was relatively weak and the lubricant film thickness was very thin. This directly increased the shearing of the contact surfaces, since the lubrication film had little effect and the friction coefficient of the specimen rose at this stage (region I). In the high speed range (200-400 rpm), the grease gradually exhibited a higher hydrodynamic pressure effect created by the influence of the dimples to lift the specimen. Thus, shearing between contact surfaces became smaller, and the friction coefficient decreased. At this stage, an extensive interaction of surface materials occurred, and the mixed film played a significant role in decreasing the friction coefficient (region II). In the speed range of 500 rpm and above, the friction coefficient again rose slightly for specimens H3 and H4, due to the large amount of hydrodynamic pressure and a negligible sharing of surfaces. In this case, the contact surfaces were mainly separated by the grease fluid film, and the friction was governed completely by the shearing of the lubricant fluid film. The results show that under the present experimental conditions, specimen H3 with texture depth of 19 μm had the lowest friction coefficient achievable at all sliding speeds, as depicted in Figure 9 . Figure 9 shows the plots of friction coefficient versus sliding speed at different texture depths for a duration of 20 min. The textured copper surfaces with texture depth of H2, H3, and H4 were selected for investigation and comparison. As can be seen from the diagram in Figure 9 , the friction coefficient was low at the initial stage and, as the speed increased, the friction coefficient rose first and then decreased. This phenomenon can be categorized into three lubrication regimes: (1) the boundary lubrication regime; (2) the mixed film lubrication regime; and (3) the hydrodynamic lubrication regime. In the low speed range (100-200 rpm), there was enough grease on the contact surface at 100 rpm for effective lubrication, hence the low friction coefficient. However, as the speed started to increase, some of the grease on the contact zone was easily thrown out. At this point, the grease supply directly affected the surface lubrication performance. The dynamic pressure effect of the surface texture was relatively weak and the lubricant film thickness was very thin. This directly increased the shearing of the contact surfaces, since the lubrication film had little effect and the friction coefficient of the specimen rose at this stage (region I). In the high speed range (200-400 rpm), the grease gradually exhibited a higher hydrodynamic pressure effect created by the influence of the dimples to lift the specimen. Thus, shearing between contact surfaces became smaller, and the friction coefficient decreased. At this stage, an extensive interaction of surface materials occurred, and the mixed film played a significant role in decreasing the friction coefficient (region II). In the speed range of 500 rpm and above, the friction coefficient again rose slightly for specimens H3 and H4, due to the large amount of hydrodynamic pressure and a negligible sharing of surfaces. In this case, the contact surfaces were mainly separated by the grease fluid film, and the friction was governed completely by the shearing of the lubricant fluid film. The results show that under the present experimental conditions, specimen H3 with texture depth of 19 µm had the lowest friction coefficient achievable at all sliding speeds, as depicted in Figure 9 . Figure 9 shows the plots of friction coefficient versus sliding speed at different texture depths for a duration of 20 min. The textured copper surfaces with texture depth of H2, H3, and H4 were selected for investigation and comparison. As can be seen from the diagram in Figure 9 , the friction coefficient was low at the initial stage and, as the speed increased, the friction coefficient rose first and then decreased. This phenomenon can be categorized into three lubrication regimes: (1) the boundary lubrication regime; (2) the mixed film lubrication regime; and (3) the hydrodynamic lubrication regime. In the low speed range (100-200 rpm), there was enough grease on the contact surface at 100 rpm for effective lubrication, hence the low friction coefficient. However, as the speed started to increase, some of the grease on the contact zone was easily thrown out. At this point, the grease supply directly affected the surface lubrication performance. The dynamic pressure effect of the surface texture was relatively weak and the lubricant film thickness was very thin. This directly increased the shearing of the contact surfaces, since the lubrication film had little effect and the friction coefficient of the specimen rose at this stage (region I). In the high speed range (200-400 rpm), the grease gradually exhibited a higher hydrodynamic pressure effect created by the influence of the dimples to lift the specimen. Thus, shearing between contact surfaces became smaller, and the friction coefficient decreased. At this stage, an extensive interaction of surface materials occurred, and the mixed film played a significant role in decreasing the friction coefficient (region II). In the speed range of 500 rpm and above, the friction coefficient again rose slightly for specimens H3 and H4, due to the large amount of hydrodynamic pressure and a negligible sharing of surfaces. In this case, the contact surfaces were mainly separated by the grease fluid film, and the friction was governed completely by the shearing of the lubricant fluid film. The results show that under the present experimental conditions, specimen H3 with texture depth of 19 μm had the lowest friction coefficient achievable at all sliding speeds, as depicted in Figure 9 . 
Effect of Speed on Friction Coefficient
Conclusions
In this research, a series of experiments were conducted to explore the effect of surface texture parameters on frictional properties of lithium-based grease under sliding condition. The circular dimples on the contact surface of the ring were designed with different dimple depths and densities. The experiments facilitated an understanding of the tribological behaviours of grease on textured surfaces. The conclusions drawn, based on the results under the present experimental conditions, are:
i.
In general, the friction coefficient is largely dependent on texture parameters, with lower and higher texture densities resulting in a higher friction coefficient at a fixed texture depth. ii. The sample with texture density of 15% (T-3) and texture depth of 19 µm (H3) exhibited the best friction properties, experimentally, in all conditions because it could store more grease and trap wear debris. iii. Higher load and speed increases the grease shear stress, apparent viscosity and thickener concentration, which facilitates the formation of a protective film and a smoothing phenomena, which are believed to be responsible for the reduction in friction. iv. The reduction in friction by the surface texture and the main mechanism may be attributed to the hydrodynamic pressure effect, which increases the mating gap and reduces the probability of asperity contact.
